Introduction {#S0001}
============

The relationship between corneal ultrastructural changes and elevated plasma glucose concentrations in diabetes mellitus (DM) has been extensively studied in the last decades. Advanced glycosylated end-products (AGEs) accumulation has been shown to cause protein cross-linking and destruction of endothelial cellular structures.[@CIT0001] In addition, the increased aqueous humor glucose levels are believed to directly inhibit endothelial Na+/k+ ATPase activity[@CIT0002] resulting in corneal edema and reduced transparency. Therefore, careful corneal endothelium evaluation of diabetic patients is crucial to accurately plan and perform several ophthalmological procedures, in particular cataract surgery.[@CIT0003],[@CIT0004]

Endothelial cell analysis plays an important role in daily clinical practice as it gives valuable information on corneal function and viability. Moreover, assessments of the corneal thickness have been proposed as a surrogate marker of endothelial barrier dysfunction in DM, due to the direct physical effect of hyperglycemia on the corneal hydration.[@CIT0005],[@CIT0006]

Despite the larger number of studies addressing corneal endothelial morphology and thickness changes in diabetic patients, this relationship is far from being clarified. For example, several studies reported that diabetic corneas had lower endothelial cell density (ECD) with higher polymegathism and pleomorphism[@CIT0007]--[@CIT0010] and greater corneal thickness,[@CIT0008],[@CIT0011] while others reported no differences compared to non-diabetic subjects.[@CIT0003],[@CIT0012],[@CIT0013] Several reasons may have contributed to contradictory conclusions, namely the different designs used (eg, DM diagnosis, endothelial evaluation method, sample size calculation[@CIT0007],[@CIT0011]), subject's characteristics (eg, race, type, and severity of DM) and inadequate statistical methodology (eg, paired eye data without statistically accounting for it[@CIT0014]--[@CIT0016]).

The purpose of this study was to evaluate the differences in corneal structural and endothelial morphological features between patients with and without type 2 DM. In addition, it aimed to determine if the DM duration, HbA1c levels, and diabetic retinopathy (DR) stage affect corneal thickness and endothelial morphological properties.

Patients and Methods {#S0002}
====================

Subjects and Protocol {#S0002-S2001}
---------------------

This cross-sectional observational study was conducted at the Department of Ophthalmology, Centro Hospitalar São João, Porto, Portugal. The protocol adhered to the tenets of the Declaration of Helsinki and was approved by the Centro Hospitalar São João Institutional review board. Written consent was obtained from each participant.

Caucasian type 2 diabetic patients and controls, aged 50 or older, scheduled for cataract surgery between September 2015 and March 2016 were invited to participate.

Full selection criteria are described elsewhere;[@CIT0017] but in short, DM diagnosis was confirmed by medical history and glycated hemoglobin (HbA1c) levels ≥ 6.5%. The exclusion criteria included the presence of any ocular disease, except cataract and DR (however, patients with eyes with uncontrolled complications of proliferative DR and/or white/brown cataracts were excluded); prior eye surgery (except for intravitreal treatment \> 120 days or laser photocoagulation \> 90 days before surgery of diabetics); axial length \[AL\] \> 26 mm or refractive error \> 6 diopters of spherical equivalent; wearing of contact lenses; pseudoexfoliation syndrome; systemic connective tissue diseases; and current treatment with glucocorticoids.

Participants underwent a complete ophthalmological examination in a standardized fashion by the same ophthalmologist (JNB), including DR classification based in 7 standard ETDRS fundus photographs. Central corneal thickness \[CCT\] and volume were evaluated with the Pentacam^®^ HR Scheimpflug tomographer (Oculus, Wetzlar, Germany; software version 1.20r87) in the low flash intensity automatic release mode. Corneal endothelial morphological properties (central endothelial cell density \[cells ⁄ mm^2^\], average cell size \[mm^2^\], coefficient of variation \[CV\] of cell area, and the percentage of hexagonal cells) were assessed using the non-contact specular microscope Topcon^®^ SP-3000P (Topcon, Tokyo, Japan) in the automatic-mode. For each eye, three photographs were taken and independently analyzed using a semi-automated technique, in which the computer program (ImageNet system, version 3.5.5) automatically outlines endothelial cells that are reviewed and corrected manually if necessary. The average of the three measurements was used for each parameter. All measurements were performed in a darkened room between 1 and 7 pm, without cycloplegia, and the patients were told to blink immediately before each examination.

At the end of the visit, all patients carried out vital signs assessment and venous blood sampling for the evaluation of serum HbA1c.

Sample Size Calculation {#S0002-S2002}
-----------------------

We hypothesized that patients with longstanding DM would have lower endothelial cell densities compared to non-diabetic subjects. For a type I error of 0.05 and type II error of 0.20 (80% power), considering a mean difference of ECD ≥ 175 cells to be significant and assuming the SD for non-DM group of 300 cells,[@CIT0007] the minimal required sample size would be 47 subjects in each group. We included additional patients in the DM group in order to perform subgroup analysis.

Data and Statistical Analysis {#S0002-S2003}
-----------------------------

Diabetic subjects were classified into subgroups according to DM duration (\<10 and ≥10 years); HbA1c levels (\<7.0% and ≥7.0%) and DR (absence or presence of DR). According to patient self-reports, smoking status was evaluated (never smokers and active/former smokers groups). Body mass index (BMI, in kg/m^2^) was calculated as weight/height^2^ using measured weight and height.

Statistical analysis was performed using the SPSS^®^ statistical software (version 21.0 for Mac OS; SPSS Inc., Chicago, IL., USA). In the present study, only the fellow non-scheduled eye of each patient undergoing monocular cataract surgery was used for statistical analyses. The Kolmogorov--Smirnov test and normal probability plots were used to confirm the normal distribution of the data. Parametric or non-parametric tests were used for continuous variables comparison between the DM and non-DM groups, according to the normality of data. Chi^2^ or Fisher´s exact tests were performed for categorical variables comparison. Univariate and multivariate linear regression analyses, using generalized linear models, were performed to identify the potential demographical/clinical (age, gender, body mass index \[BMI\], DM duration, HbA1c levels, smoking history, systemic hypertension, dyslipidemia) and ocular variables (AL, intraocular pressure, CCT, corneal volume, ECD, DR stage) associated with CCT and ECD. Statistical significance for all the analyses was set at a P value less than 0.05.

Results {#S0003}
=======

Sixty diabetic patients and 47 non-diabetic controls were enrolled in the study. Demographic and clinical characteristics of the study population did not show any significant differences between groups, except for the levels of HbA1c and prevalence of dyslipidemia ([Table 1](#T0001){ref-type="table"}).Table 1Demographic and Clinical Characteristics of the Study PopulationVariableDM Group (n= 60)Non-DM Group (n= 47)*P*Age, years72 ± 670 ± 60.050^A^Female, n (%)38 (63%)29 (62%)0.863^C^Right eyes, n (%)30 (50%)18 (38%)0.227^C^BMI, kg/m^2^27.9 ± 4.028.1 ± 5.00.847^A^Smoking history, n (%)14 (23%)18 (38%)0.093^C^Systemic Hypertension, n (%)49 (82%)33 (70%)0.165 ^C^Dyslipidemia, n (%)50 (83%)21 (45%)\<0.001 ^C^HbA1c levels, %7.0 ± 1.15.5 ± 0.4\<0.001\*^B^Duration of DM, years11.0 ± 8.0n/an/aDR stage, n (%) No DR42 (70%)n/an/a NPDR mild-moderate10 (17%) NPDR Severe - PDR8 (13%)Oral antidiabetic agents, n (%)56 (93%)n/an/aInsulin treatment, n (%)15 (25%)n/an/a[^1]

In the DM group, duration of DM was significantly associated with HbA1c levels (p=0.004, Chi^2^ test) and severity of DR (p=0.014, Fisher´s exact test), as well as, severity of DR and HbA1c levels (p=0.028, Fisher´s exact test).

Comparison of Ocular Parameters Between DM and Non-DM Groups {#S0003-S2001}
------------------------------------------------------------

There were no significant differences between groups for any of the studied variables ([Table 2](#T0002){ref-type="table"}), although ECD (mean difference, −73.81 cells; 95% confidence interval \[CI\], −199.08 to +51.46 cells, p=0.245) was lower in the DM group.Table 2Ocular Characteristics of the Study PopulationVariableDM Group (n= 60)Non-DM Group (n= 47)*P*CCT ^§^, μm558 ± 35559 ± 300.876^A^Corneal volume, mm^3^60.6 ± 4.060.0 ± 3.30.399^A^ECD, cell/mm^2^2375 ± 3042449 ± 3490.245^A^Average cell size, mm^2^428.3 ± 56.9418.2 ± 69.30.410^A^CV of cell size, %35.4 ± 5.934.8 ± 6.30.566^A^Hexagonal cells, %55.8 ± 7.555.2 ± 8.70.712^A^Counted cells per eye, n102 ± 2094 ± 2660.088^B^[^2]

Subgroup Analysis of CCT and ECD in DM Group {#S0003-S2002}
--------------------------------------------

### Duration of Diabetes {#S0003-S2002-S3001}

There were no statistically significant differences between groups (DM \< or ≥10 years) for any of the corneal variables evaluated (p\>0.05, Independent samples *t*-test; [Table 3](#T0003){ref-type="table"}).Table 3Subgroup Analysis of Diabetic PatientsVariableDM Duration, YearsHbA1c, %DR, n (%)CCT ^§^, μmCorneal Volume, mm^3^ECD, Cell/mm^2^CV of Cell Size, %Hexagonal Cells, %DM Duration, years\<10 (n=30)4.9 ± 2.46.6 ± 0.84 (13%)557 ± 3860.4 ± 4.42404 ± 29535.8 ± 5.255.8 ± 8.1≥ 10 (n=30)17.1 ± 7.0\*7.4 ± 1.3\*14 (47%)559 ± 3260.9 ± 3.62347 ± 31435.1 ± 6.655.9 ± 7.0HbA1c Levels, %\< 7.0(n=31)7.6 ± 5.86.2 ± 0.55 (16%)554 ± 3960.0 ± 4.22370 ± 32935.6 ± 6.554.9 ± 8.7≥ 7.0(n=29)14.6 ± 8.6\*7.9 ± 1.0\*13 (45%)562 ± 2961.3 ± 3.82381 ± 27935.3 ± 5.356.8 ± 5.8DRNo (n=42)8.4 ± 6.16.8 ± 1.1--556 ± 3660.4 ± 4.32395 ± 31035.7 ± 5.654.8 ± 7.0Yes (n=18)17.1 ± 8.9\*7.4 ± 1.3\*--563 ± 3261.3 ± 3.32330 ± 29334.9 ± 6.758.2 ± 8.2[^3]

### HbA1c Levels {#S0003-S2002-S3002}

There were no statistically significant differences between groups (HbA1c \< or ≥7%) for any of the corneal variables evaluated (p\>0.05, Independent samples *t*-test; [Table 3](#T0003){ref-type="table"}).

### DR Stage {#S0003-S2002-S3003}

There were no statistically significant differences between groups (DM with or without retinopathy) for any of the corneal variables evaluated (p\>0.05, Independent samples *t*-test; [Table 3](#T0003){ref-type="table"}).

Factors Influencing the ECD {#S0003-S2003}
---------------------------

Multivariate linear regression analysis showed that older age (p=0.028) was associated with lower ECD ([Table 4](#T0004){ref-type="table"}). In a "fixed model", patients older than 70 years of age had less 140 endothelial cells compared to patients under 70.Table 4Multivariate Regression Analysis of the Relative Effects of Clinical and Ocular Characteristics on Endothelial Cell Density (ECD) and Central Corneal Thickness (CCT)VariableCCT, μmECD, Cell/mm^2^B (95% CI)*P*B (95% CI)*P*Age, years ≤ 70 years-------- \>70 years−1.21(−7.83 to +5.41)0.721−140.14(−264.85 to −15.43)0.028\*Female−13.39 (−19.64 to −7.14)\<0.001\*−85.22 (−213.69 to +43.26)0.194CCT, μm----−1.50 (−5.13 to +2.13)0.417Corneal volume, mm^2^+7.61 (+6.73 to +8.48)\<0.001\*+25.60 (−6.39 to +57.59)0.117ECD, cell/mm^2^−0.004 (−0.01 to +0.01)0.421----DM duration Non-DM-------- No DR−5.27 (−11.94 to +1.39)0.121−41.02(−169.98 to +87.94)0.533 DR present−6.31 (−15.03 to +2.40)0.156−142.20(−308.70 to +24.30)0.094[^4]

Factors Influencing the CCT {#S0003-S2004}
---------------------------

In multivariate linear regression analysis, CCT was demonstrated to be significantly greater in males (p\<0.001) and positively associated with corneal volume (p\<0.001). In a "fixed model", the CCT was found to significantly increase on average 7.6 μm for each increase of 1 mm^3^ of corneal volume, whereas females are expected to have a significant lower CCT, on average 13.4 μm, in comparison with males ([Table 4](#T0004){ref-type="table"}).

Discussion {#S0004}
==========

This research evaluated the corneal structural and endothelial differences between subjects with and without type 2 DM. The DM group was found to have lower ECD compared to the control group; however, the difference was not statistically significant. In our sample, the ECD was only correlated with age; on the other hand, the CCT was shown to be significantly greater in males and positively associated with corneal volume.

Since the first studies conducted in the early 1980s, extensive literature has been published on the endothelial morphology and corneal thickness changes occurring in diabetic patients (See [[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=256244.doc)]{.ul}). However, there have been contradictory results regarding the direct comparisons between them. Since corneal endothelial cells have a limited repair capacity, it is of utmost importance to realize the physical and functional effects of chronic glycemic dysregulation on this structure.

First of all, it is important to note that different definitions of DM were used across studies. Most importantly, the majority of studies relied solely on subjects' interview for the selection of controls. If this is not a problem in the selection of young individuals for comparison with type 1 DM patients, it might have created an important selection bias of controls for patients with type 2 DM. Additionally, the glycemic status of diabetic patients was not evaluated in several studies.[@CIT0007],[@CIT0014],[@CIT0018],[@CIT0019] In our study, all participants performed HbA1c measurements to avoid patient´ misclassification and allow subgroup analysis of DM patients.

The comparison between studies might be inadequate if different instruments and image analysis techniques are used. This is particularly pertinent in these studies where both contact[@CIT0005],[@CIT0006],[@CIT0019]-[@CIT0022] and non-contact[@CIT0008]--[@CIT0011],[@CIT0013],[@CIT0016] methods were used for both CCT and ECD measurements. Additionally, automatic,[@CIT0015],[@CIT0019] semi-automatic,[@CIT0009],[@CIT0011],[@CIT0018] and manual[@CIT0008] methods were performed for ECD assessment; with a variable number of acquired images[@CIT0015],[@CIT0022] and counted cells per image.[@CIT0008],[@CIT0011],[@CIT0019],[@CIT0023] In our study, ECD evaluation was performed with a non-contact specular microscope using a semi-automatic technique and a mean of 100 cells were counted in each of the 3 acquired images, thus ensuring an accurate analysis. In turn, CCT measurements were performed with the Pentacam HR, a high reproducible device.

Interpretation difficulties may also arise if subjects´ characteristics, such as type of DM and severity of DR, are not considered. Some of the authors separately analyzed type 1 and 2 DM patients,[@CIT0014],[@CIT0019],[@CIT0021],[@CIT0022] while other studies did not specify[@CIT0006],[@CIT0013],[@CIT0024]-[@CIT0026] or mixed type 1 and 2 patients[@CIT0018],[@CIT0020],[@CIT0027] without accounting for the important differences between them, in particular age and DM duration. On the other hand, the mean ages varied widely between studies and this may have been another source of differences. Larsson et al[@CIT0021] and Inoue et al[@CIT0015] did not find statistical differences on endothelial cell density or morphology between type 2 DM subjects and controls and hypothesized that aging could mask the effect of DM on those parameters; however, the studies performed by Sudhir et al[@CIT0007] and Schultz et al[@CIT0014] showed significant lower ECD and greater morphologic abnormalities, respectively, in type 2 DM patients of several age groups.

As in previous studies,[@CIT0010],[@CIT0011],[@CIT0014],[@CIT0021],[@CIT0022],[@CIT0028],[@CIT0029] our results showed a tendency for reduced ECD in type 2 DM patients compared to controls; however, it did not reach statistical significance. The wide individual variation in the possible endothelial structural damage caused by DM[@CIT0023] or a relatively small sample size of the study populations[@CIT0007] could explain the lack of statistical differences between groups. Assuming the same ECD standard deviation of 300 cells, 251 subjects in each group would be required to detect a difference of 75 cells, given a significance level of 5% and a statistical power of 80%.

Selection of appropriate statistical methods is crucial to interpret the effect of related variables on a particular biological outcome, such as ECD and CCT. The use of simple regression analysis may be misleading because it only measures the strength of the relationship between two isolated variables and does not necessarily reflect the real association between them. Using multiple regression analyses, Inoue et al were not able to find any correlation between ECD and the various systemic or ocular factors in a sample of type 2 DM;[@CIT0023] however, Sudhir and colleagues reported a statistically significant reduction of ECD in type 2 DM subjects.[@CIT0007] More recently, Calvo-Maroto et al described that longer duration of type 2 DM was significantly associated lower ECD[@CIT0008] and Storr-Paulsen et al showed an inverse correlation between ECD and HbA1c levels in type 2 DM patients, after controlling for age.[@CIT0011] Unfortunately, this last study did not provide information on disease duration of DM group.

In line with previous studies, older age[@CIT0007],[@CIT0009],[@CIT0015],[@CIT0030] was correlated with greater endothelial loss; however, our analysis failed to demonstrate any significant relationship between ECD and duration of DM,[@CIT0008] HbA1c levels,[@CIT0011] or DR stage;[@CIT0026],[@CIT0027],[@CIT0030] which can be due to the cross-sectional nature of the study, good glycemic control of DM subjects, and the low number of patients included in the more advanced stages of DR. Those patients with longer duration of DM frequently have other ocular and systemic co-morbidities and for that reason many did not meet the selection criteria.

Besides ECD, endothelial morphological parameters might be affected by glycemic dysregulation. Few studies reported lower hexagonality and higher CV of cell size in subjects with type 2 DM compared to controls,[@CIT0014],[@CIT0019],[@CIT0027],[@CIT0031],[@CIT0032] but our study, like others, found them to be comparable.[@CIT0007],[@CIT0011],[@CIT0015],[@CIT0025],[@CIT0026]

Regarding corneal structure, there is still no agreement on the effect of DM on CCT measurements. Few authors reported thicker corneas among diabetic patients,[@CIT0008],[@CIT0009],[@CIT0011],[@CIT0016],[@CIT0018],[@CIT0019] while others showed similar values to controls.[@CIT0007],[@CIT0010],[@CIT0021]-[@CIT0023],[@CIT0025],[@CIT0026],[@CIT0028],[@CIT0031],[@CIT0032] Some of the reasons for these variations have been pointed out previously, but it should be stressed that only a limited number of studies accounted for the overnight corneal swelling effect or diurnal variation of CCT.[@CIT0008],[@CIT0009],[@CIT0016],[@CIT0022] In the current study, the presence of type 2 DM was irrelevant to CCT measurements. As previously discussed by Storr-Paulsen and colleagues, the small differences found in most studies may not be clinically relevant in well-controlled diabetics with ECD within normal range and no corneal edema.[@CIT0011]

Our multivariate analysis confirmed that CCT was greater in males and positively correlated with corneal volumes.[@CIT0033] Though, it was not possible to demonstrate any significant relation with age,[@CIT0011] DM duration,[@CIT0008],[@CIT0018] or HbA1c levels,[@CIT0008] probably for the same reasons discussed above in ECD analysis.

The present study has several strengths but also some limitations. Considering that only corneal anatomic features were evaluated, it is not possible to conclude about the endothelium functional differences between diabetic subjects and controls. Another drawback is that the time from onset to diagnosis of type 2 DM is unknown in most patients. Nevertheless, that interval could have been minimized in our study since all patients regularly attended primary care physicians.

In summary, the present study did not find any statistically significant differences between the corneal structural and endothelial characteristics of diabetic and non-diabetic subjects. Other demographical variables, such as age and gender, seem to be more determinant for the corneal properties. Further prospective studies with sufficient statistical power and well-defined diabetic and control groups might clarify the role of long-term poor glycemic control on the corneal structural and endothelial changes.
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[^1]: **Notes:** Data were derived from Independent samples *t*-test^A^, Mann--Whitney test^B^, Chi-square test^C^. Continuous variables are reported as mean ± standard deviation. \**P* \<0.05, statistical significance.

    **Abbreviations:** BMI, body mass index; DM, diabetes mellitus; DR, diabetic retinopathy; HbA1c, glycated hemoglobin; kg/m^2^, kilogram per meter square; NPDR, non-proliferative DR; PDR, proliferative DR; n/a, not applicable.

[^2]: **Notes:** Data were derived from Independent samples *t*-test^A^ and Chi-square test^B^. Continuous variables are reported as mean ± standard deviation. ^§^ CCT (central corneal thickness) measured by Pentacam at corneal vertex.

    **Abbreviations:** CV, coefficient of variation of cell size; DM, diabetes mellitus; ECD, endothelial cell density; mm, millimeter; mm^2^, square millimeter; mm^3^, cubic millimeter; μm, micrometer.

[^3]: **Notes:** Continuous variables are reported as mean ± standard deviation. \*P \<0.05, statistical significance. ^§^ CCT measured by Pentacam at corneal vertex.

    **Abbreviations:** CV, coefficient of variation of cell size; DM, diabetes mellitus; DR, diabetic retinopathy; ECD, endothelial cell density; CCT, central corneal thickness; HbA1c, glycated hemoglobin; mm, millimeter; mm^2^, square millimeter; mm^3^, cubic millimeter; μm, micrometer.

[^4]: **Notes:** Data were derived from generalized linear models. \*P \<0.05, statistical significance.

    **Abbreviations:** B, beta coefficient; CI, confidence interval; CCT, central corneal thickness; DM, diabetes mellitus; ECD, endothelial cell density; CCT, central corneal thickness; mm, millimeter; mm^2^, square millimeter; mm^3^, cubic millimeter; μm, micrometer. The remaining variables (smoking history, body mass index, systemic hypertension, dyslipidemia, axial length, intraocular pressure, HbA1c levels, diabetic retinopathy stage) did not influence the model and were excluded.
